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Abstract 
Understanding the Influence of Zinc on Grain Cadmium Accumulation and Bioaccessibility in 
Rice 
Advisor: Renuka Sankaran 
The effect of cadmium and zinc on mineral concentrations in three cultivars of rice 
Interactions between the essential mineral zinc (Zn) and the toxic heavy metal cadmium (Cd) 
play an important role in regulating transport of both minerals to rice grains.  Understanding 
these interactions is crucial for limiting cadmium and increasing zinc transfer to the food chain.  
Previous studies on the matter have had conflicting results suggesting synergistic and 
antagonistic relationships between the minerals.  The goal of this work was to identify the effect 
of external cadmium and zinc on the uptake and translocation of both minerals from roots to 
grains of rice that differ in grain cadmium concentrations.  Our results suggest zinc affects 
cadmium translocation and accumulation to the grain while cadmium does not have an effect on 
zinc.  Cadmium synergy or antagonism with other essential minerals were also recorded and 
differed between rice lines. Differential expression of established transport proteins OsNramp5, 
OsHMA2, and OsHMA3, play a vital role in contributing to differences in grain cadmium.  
These results add to the knowledge of cadmium and zinc transport in one of the most consumed 
plant foods in the world and can assist fortification efforts to establish rice lines that are both safe 
and nutritious. 
 
The effect of exogenous cadmium and zinc applications on cadmium, zinc, and essential 
mineral bioaccessibility in three lines of rice that differ in grain cadmium concentration           
Diets high in cadmium (Cd) and low in zinc (Zn) threaten human health.  While both are 
detrimental to the well-being of millions globally, diets affected by both simultaneously are 
especially dangerous as the impacts are exaggerated.   Rice is particularly adept at accumulating 
high concentrations of cadmium and low concentrations of zinc in grains.  Several strategies to 
limit cadmium and increase zinc from rice grain have been explored but total mineral 
concentration in rice grain is an unreliable means of estimating human health risk since only a 
fraction of the minerals in grains are bioaccessible.  The goal of this work was to assess the 
influence of phytoavailable cadmium and zinc on the bioaccessibility of essential minerals and 
cadmium from three rice lines that differed in grain cadmium accumulation.  Results revealed 
that exogenous Cd and Zn both increased the BA of the other mineral in the low or high Cd 
concentration varieties of rice.  Differences in mineral bioaccessibility were dependent on rice 
line. This information can be helpful to future experiments to analyze genotypic effects of 
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1. Introduction and review on Cd and Zn interactions in rice 
1.1 Introduction 
Cereal crops such as rice and wheat are staple food sources for millions of people.  Relatively 
low micronutrient densities in edible grains however, prevent adequate nutrition in consumers 
who rely on cereals for daily calories [1].  Insufficient intake of essential minerals like iron and 
zinc are related to high malnutrition rates across the globe [2,3].    Efforts to biofortify rice to 
naturally accumulate higher concentrations of zinc in grains are ongoing but must ensure 
unwanted toxins like cadmium are not simultaneously transported to edible tissues [4].  
Cadmium in soils, whether from natural or human anthropogenic activities, can enter into the 
roots and be translocated to the grains of rice [5].  Limiting cadmium accumulation in edible 
food parts will limit its dietary transfer to humans which is one of the leading causes of cadmium 
poisoning [6].  Since cadmium is a nonessential mineral, there are currently no identified 
transport mechanisms specific for the toxin.  Instead, cadmium uses transport proteins 
responsible for the uptake and translocation of chemical analogs like zinc [7].  When both Cd 
and Zn are available, interactions between the two minerals can affect transport within the plant 
and in consumers.  Research on interactions between cadmium and zinc in rice are currently 
unresolved with some studies suggesting antagonistic and others suggesting synergistic 
relationships between the two minerals.  The goal of this review is to summarize the current 
knowledge of cadmium and zinc interactions in the transport and accumulation of these minerals 
in rice.  Understanding cadmium and zinc interactions will be crucial for limiting the toxin and 




Cadmium (Cd) is one of the 
most toxic heavy metals.  It 
is naturally found in the 
environment as a result of 
sedimentary rock 
weathering, forest and bush 
fires, and volcanic emissions [8].  Global uncontaminated soil Cd concentrations are estimated to 
be 0.36 ppm but can vary significantly from region to region (Table 1) [9,10].  While Cd is natural, 
anthropogenic activities continue to increase soil Cd deposits to dangerous levels.  Cadmium is 
produced as a byproduct in several industrial applications including zinc mining, battery 
production, plastics, and dyes [11,12].  Industrial pollutants commonly run off in wastewater and 
deposit in local soils.  The use of phosphate fertilizers, which leach Cd, are also a significant source 
of the pollutant in agricultural soils. [8].  
 
Cadmium contamination in agricultural soils is a major human health hazard [13].  Cadmium is 
normally toxic to plants as the metal interferes with metabolic processes and inhibits growth 
[14,15] but the onset of toxicity symptoms and threshold of Cd responsible differs between species 
and varieties [16–20].  Specific varieties of rice and wheat for instance, have consistently been 
shown to grow in and accumulate varying levels of Cd in grains without showing signs of 
phytotoxicity [21–24].  Cadmium concentrations in commercially purchased white rice from East 
Asia have been reported as high as 3.7 ppm [25].  According to the Food and Agriculture 
Organization/ World Health Organization (FAO/WHO), the current acceptable limits of Cd in 
Table 1: Cd concentrations 
found in uncontaminated and 
contaminated soils around the 
world [8,10,28,38,258–261]. 
Country Cd conc. (ppm)
Uncontaminated:
     Austrailia 0.1
     Brazil 0.18
     Japan 0.3
     Netherlands 0.5
     UK 0.65
     USA 0.27
Contaminated:
     China 9.57
     Pakistan 3.43
     USA 8
 3 
polished rice is 0.4 ppm [26].  With varieties having the ability to accumulate up to 10x acceptable 
limits, great care must be taken to limit the toxin in global food supplies and prevent human health 
risk. 
 
Dietary Cd intake from plant foods is currently the leading cause of Cd poisoning in non-smokers 
[27].  The United States Environmental Protection Agency has recommended daily oral intake of 
Cd does not exceed 3.5 to 4 ppb/kg/day [10,28].  Cadmium has a relatively long half-life so 
continuous exposure of low concentrations can be dangerous [29–31].  Blood concentrations of 
the toxin compound over the years leading to chronic and acute illness such as kidney failure, bone 
mineral density loss, and cancer  [6,32–35]. 
 
Restricting Cd from entering plants and especially rice grains would limit human exposure to the 
toxin.  Strategies to limit Cd in plants include soil remediation, breeding for low accumulators, 
and using fertilization techniques to limit the uptake of unwanted minerals [11,18,36–38].  
Removing Cd from soils would be costly and current efforts to identify low grain Cd accumulating 
varieties of rice have made great progress [19,22,39].  The addition of essential minerals like zinc 
to growing media have been reported to reduce Cd accumulation and toxicity symptoms in several 
plant foods including wheat, corn, and rice due to competitive inhibition between the minerals 
[40–42].  In rice however, zinc fertilization has also been shown to have the opposite effect, 




Zinc is an essential micronutrient in both plants and animals due to its diverse role in metabolic 
pathways [45–47].  In humans, Zn is required in over 300 enzymes and 2000 transcription factors 
[48].  Inadequate levels of the micronutrient have varied health effects including intrauterine 
growth retardation, elevated oxidative stress, impairment of cognitive functions, and up-regulation 
of inflammatory cytokines [48–50].  The WHO considers Zn deficiency, especially in developing 
countries, an epidemic with an urgent need to be resolved [51]. 
 
Diets reliant on cereal grains for daily caloric intake are often linked to high rates of Zn deficiencies 
due to low grain Zn concentrations stemming from Zn deficient soils, postproduction treatments, 
and physiological processes that limit Zn transport to grains [52–55].  Research focused on 
biofortifying cereals to accumulate more Zn has the potential to combat global Zn malnutrition.  
Biofortified plants will reduce the recurring costs of supplements and food processing [56].  
Moreover, individuals would not have to make any dietary or lifestyle changes, increasing the odds 
of success [57]. HarvestPlus has set a target of 28 ppm Zn in polished rice to satisfy Zn dietary 
needs [58–60].  
 
Fortifying rice to contain higher Zn concentrations requires a detailed understanding of Zn 
transport pathways.  Homeostasis of Zn, like all essential micronutrients, is tightly regulated in 
rice.  The vast diversity of grain Zn amongst rice, however, point to significant differences in the 
mechanisms controlling Zn accumulation [39,61–63].   Genotypic control of mineral translocation 
can influence grain Zn accumulation [64–69].  Efforts to increase grain Zn must ensure Cd is not 
simultaneously increased in grains.  As mentioned above, interactions between cadmium and zinc 
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in rice are currently unresolved but must be understood to successfully increase Zn and reduce Cd 
in rice grains. 
 
1.4 Cadmium - Zinc interactions 
Interactions between Cd and Zn have been studied in yeast, plants, and animals [23,70,71].   In 
plants, external Zn applications can increase grain yield, biomass, root elongation, and 
photosynthetic capabilities which would normally be restricted by Cd [72–75].   Antagonistic 
relationships between Cd and Zn can limit the other from accumulating in plant tissues [76,77]).  
Synergistic relationships, however, have also been reported where the availability of one mineral 
leads to increased accumulation of the other [78–80].   Interactions between Cd and Zn are complex 
and dependent on several factors both outside and inside the plant. 
 
1.4.1 Cadmium and Zinc in soils 
Interactions between Cd and Zn begin in soil systems where the two minerals compete for 
exchange sites.  Both minerals are highly available in soils composed of particulate organic matter 
[81].  Adsorption of Cd to soil particles is disturbed by elevated Zn which may increase Cd uptake 
when Zn is supplied [77].  Soil biochar treatments can also increase the bioavailability of Cd and 










OsNRAMP1 Fe, Cd Roots [86] 
OsNRAMP5 Mn, Fe, Cd Roots [87–91] 
OsNRAMP3 Mn, Cd Nodes [92] 
OsZIP1 Zn, Cd Roots [93,94] 
OsZIP3 Zn Nodes [93] 
OsZIP4 Zn Shoots [93] 
OsZIP5 Zn Roots [95] 
OsZIP7 Zn Roots, Nodes [96] 
OsZIP8 Zn Roots, shoots [97] 
OsZIP9 Zn Roots [98] 
IRT1 Fe, Cd Roots [99] 
IRT2 Fe, Cd Roots [99] 
OsHMA2 Zn, Cd Xylem loading [100] 
OsHMA3 Zn, Cd Vacuole [101–104] 
OsHMA6 Zn, Cd Xylem and phloem [105] 
OsLCT1 Cd Nodes-phloem 
loading 
[106–108] 
OsABCC9 Cd Vacuole [109]  
Table 2: Identified cadmium and zinc transport proteins in rice.  Transport proteins are often 
nonspecific and can function in the transport of several ions.  These have been implicated in the 
transport of cadmium, zinc, or both. 
 
 
1.4.2 Cadmium and zinc uptake into the root 
Several genes and associated proteins regulate uptake of Cd and Zn into the roots.  The Zinc 
regulated Iron regulated Protein (ZIP) family is well known to regulate metal uptake [110].  Two 
ZIP members, Iron regulated transporters 1 and 2 (IRT1/IRT2) are regulated by the availability of 
Fe in the environment but can also transport several other divalent ions including manganese, zinc, 
and cadmium [111–114].  In rice, OsZIP1, OsZIP5, and OsZIP9 have been identified for their Zn 
uptake properties, although OsZIP9 has been found to only function in Zn-limited conditions 
[96,98].  Similarly, members of the Natural resistance-associated macrophage protein (NRAMP) 
family are also responsible for metal uptake to roots.  Divalent ion transporters NRAMP1 and 
NRAMP5 have both been implicated in the uptake of Fe, Mn, and Cd [35].  In one study, the major 
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protein responsible for Mn and Cd uptake in the high Cd accumulating rice tested was 
OsNRAMP5[115].    
 
Functional redundancy amongst zinc transport proteins OsZIP1 and OsZIP5 uptake Zn or Cd into 
the root systems [25,95,96,98,116].   In some studies, increasing Zn concentrations in hydroponic 
solution led to antagonistic effects with reductions in root Cd concentrations [44,117,118]. 
Competition between the minerals for protein binding sites can limit uptake into roots.  Herath et 
al. 2016 however, reported exogenous Zn had a synergistic effect, leading to higher concentrations 
of Cd in rice plants.  Higher concentrations in roots specifically can be the result of increased 
uptake or decreased translocation.  In root cells, Cd may be integrated into the cell walls, chelated 
to metabolites such as glutathione or phytochelatin, and/or sequestered into vacuoles [35,119].  
 
1.4.3 Vacuolar sequestration 
One strategy that plants have developed to combat toxins or elevated levels of essential minerals 
that aggregate in the cytosol is to separate them into subcellular compartments such as the 
vacuoles [102,120]. Vacuolar sequestration helps to detoxify by spatially separating compounds 
from key metabolites and helps to limit availability for transport to above ground tissues.  In the 
Cd over-accumulating rice line Cho-Ko-Koku, the trait was found to be controlled by a single 
gene, Heavy Metal ATPase 3 (HMA3) [103,121].  The vacuolar membrane protein is responsible 
for sequestering Cd thereby limiting the chances for translocation [103].  Tonoplast localized 
transport protein OsABCC9 is also involved in sequestration of Cd into vacuoles.  Multiple 
transport proteins allowing for Cd but not Zn transport into vacuoles may explain preferential 
withholding of the toxin in root vacuoles. 
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When metals are sequestered into vacuoles, they can exist as the free ion or as complexes with 
non-protein peptides glutathione (GSH) and its derivative phytochelatin (PC).  Glutathione and 
phytochelatin  contribute to heavy metal tolerance amongst other biochemical metabolic processes 
[122–124].  Glutathione production has been shown to influence Cd distribution and tolerance in 
rice [125].  In studies where GSH was exogenously applied to high and low grain Cd varieties of 
rice, both genotypes showed substantial reductions in Cd accumulated in grain [126].  The 
presence of Cd can significantly increase the presence of PCs in protoplasts [127].  Phytochelatin 
generally functions in metal homeostasis by binding to free roaming metal ions and acting as a 
chelating complex to transport Cd into vacuoles [128].  When the phytochelatin synthase gene 
responsible for synthesizing the thiol was knocked down in rice, plants were significantly more 
sensitive to Cd [129].  While phytochelatin has a higher affinity for Cd than glutathione, both assist 
in creating high molecular weight compounds that are retained in vacuoles [75,109,130–133].  
These thiols play a major role in restricting Cd to above ground tissues and are conserved in several 
cereal crops [125,132,134,135].  Since Zn toxicity can also lead to highly reactive free radicals, 
glutathione and phytochelatin also play a major role in alleviating Zn toxicity [136,137].   While 
these non-protein thiols should be nonspecific, a study in rice showed phytochelatin had differing 
effects on cadmium and arsenic accumulation [129].  Unidentified thiol-ligand complex transport 
proteins at the vacuolar membrane may one day be able to explain discrepancies in Zn and Cd 




1.4.4 Translocation of cadmium and zinc: Xylem 
Once in the plant, interactions between Cd and Zn can influence translocation to above ground 
tissues.  Rice Cd translocation is highly dependent on mineral concentrations in soils, cultivar, and 
exposure [41].  In a study by Hassan et al. (2005), Zn increased Cd translocation to shoots when 
grown in highly contaminated conditions [138].   Another study showed no change in Cd 
translocation when adequate to toxic levels of Zn were tested [78].   Entering the xylem is essential 
for transport of any mineral to aerial tissues.  Metals can be retained in roots by limiting the activity 
of xylem loading proteins.   Transporters OsZIP4, OsZIP7, and OsZIP8 function in xylem loading 
of Zn and Cd in rice.  Members of the p1btype ATPase superfamily of proteins, Heavy Metal 
ATPases (HMA) also contribute to Cd and Zn translocation.  They localize at the plasma 
membrane of pericycle cells where they regulate the transport of divalent ions to above ground 


















Legend Figure 1: Schematic representation 
of cadmium and zinc transport in 
rice plants.  The process involves 
(1) uptake into the root cells, (2) 
Vacuolar sequestration, (3) 
Transport to xylem, (4) Xylem to 
phloem transport, (5) phloem 
loading from aerial tissues (6) 
accumulation in developing grains.  
Patterned cylinders represent 
proteins from several transport 
families involved transporting Cd 
or Zn in rice 
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in rice [140].  Mutations in OsHMA2 restricted translocation of both minerals in rice by limiting 
their ability to enter above ground tissues.  Work by Fontanili, L. et al. 2016 revealed that zinc 
restricted Cd translocation but Cd did not restrict Zn translocation.  Proteins that bind zinc but not 
cadmium have yet to be identified in the root to shoot translocation pathway but may be able to 
explain the irregularities recorded in Cd and Zn interactions. 
 
After loading into the xylem, minerals are transported to above ground organs such as stems, lower 
leaves, flag leaves, inflorescence, and grains.  There are two strategies that can be taken to 
accumulate minerals in cereal grains: (i) minerals can be laterally transferred from xylem to 
phloem for direct transport to grains and/or (ii) minerals can be remobilized from mature tissues 
during grain filling [141–143].  In rice, minerals transported through xylem can make their way to 
husks but not directly to grains [144–147].  To reach grains, minerals must first make their way to 
the phloem.  Direct uptake of Zn or Cd to grains is possible due to intervascular transfer from 
xylem to phloem at stem nodes, leaves, or flag leaves [23,148].  Transporters that localize at nodes 
such as OsLCT1, OsZIP3, and OsZIP7 can mediate phloem loading of both Cd and Zn 
[96,98,106,107,149,150].  During the grain filling stage, direct uptake of both Cd and Zn can be 
significant [23,148,151]). 
 
1.4.5 Phloem transport 
The chemical form of Zn in phloem sap and transporters responsible for loading and unloading 
minerals in or out of the phloem must all be understood in order to biofortify cereals with Zn.   
Since phloem is generally alkaline, Zn mostly travels through phloem complexed to compounds 
like nicotianamine [152,153].  Work by Wiggenhaiser et al. 2018 revealed that higher molecular 
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weight compounds are retained in cytosol and low molecular weight Zn complexes make up about 
the majority of Zn mobilized to sink tissue.  
 
As a nonessential element, Cd is less likely to be remobilized or loaded into phloem.  While only 
0.77% of total Cd in straw is loaded into phloem and transferred to grains, nearly all Cd in grains 
is deposited directly from phloem sap [147,154].  Transport proteins responsible for loading and 
unloading Cd into and out of phloem sap can be the key to distinguishing the grain accumulation 
processes of Cd and Zn.  Low cadmium transporter (OsLCT1)  and transport protein OsZIP7 have 
been identified as major proteins responsible for mediating xylem to phloem transport of Cd at the 
nodes of rice [96,106,155].   
 
1.4.6 Bioaccessibility 
If Cd does make its way to grains, the chemical speciation, grain distribution, and availability of 
other minerals can influence bioaccessibility (BA), or potential to be absorbed by the human 
gastrointestinal tract [156–158].  In rice grains, minerals can be found as free ions, or complexed 
with larger organic molecules.   Zinc, Ca, and Fe are normally bound to phytate which significantly 
lower BA due to the insolubility of phytate in the low pH of the gastrointestinal tract [158–161].  
Cadmium in rice grains was mostly bound to thiols (cysteine, glutathione, and phytochelatin) or 
carboxyl complexes (citrate, malate, and succinate) which are easily digestible and therefore 
bioavailable [162].  Chemical interactions during fertilization regiments when growing the rice 
increased Zn and Fe bioaccessibility in brown rice by reducing phytate/ Zn and phytate/ Fe ratios  
[163].  In a recent study, external fertilization of wheat with iodine (I) and Zn was able to increase 
concentrations and bioaccessibility of the essential minerals from harvested grains [156].   When 
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consumed, Cd health impacts are more severe when Fe, Ca, or Zn are limited [164–166].  With 
high rates of Zn malnutrition, understanding Cd and Zn interactions both within the plant and when 
consumed are crucial for reducing Cd poisoning in humans. 
 
1.5 Conclusion 
As a staple food crop, understanding the interactions between Cd and Zn in rice are crucial.  
Interactions can affect uptake from soil, translocation and accumulation in various tissues, and 
transfer and toxicity to consumers.  A better understanding of transport mechanisms can reveal the 
role of interactions between the minerals and help to limit human Cd exposure.  Although there 
have been some studies on the accumulation of cadmium and interactions between Cd and Zn, the 
results are contradictory.  Furthermore, there is little information available on the effects of Zn and 
Cd on the bioaccessible portion of cadmium in the diet.  This study fills in these knowledge gaps 
by (Specific Aim I) determining the influence of Zn on the uptake and distribution patterns of Cd 
(Chapter 2) and (Specific Aim II) assessing the influence of Zn fertilization on the bioaccessibility 
of Cd from rice grains (Chapter 3). In specific aim 1, varying Cd and Zn treatments in high, 
medium, and low grain-Cd accumulating lines of rice were used to conduct a partitioning study at 
different reproductive stages in the plant life cycle.  The results from this study give insight into 
effects of Zn on grain Cd accumulation and the effects of Cd on grain Zn accumulation in high 
and low grain Cd accumulating phenotypes and the contribution of xylem and phloem to the 
transport of the minerals.  Additionally, the effect of Cd and Zn availability on key Cd and Zn 
transport proteins was assessed at reproductive stages which help to identify the role of the genes 
in contributing to the high grain Cd phenotype.    In specific aim 2, the bioaccessibility of Cd and 
Zn from rice grown in the presence and absence of Zn fertilization was tested using an in vitro 
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physiologically based extraction test.  Results from these experiments indicate how relationships 
between mineral fertilization and BA can differ between different lines of rice.  Together, these 
specific aims provide information that can help to mitigate the global health complications 
associated with high Cd and low Zn by providing plant breeders and genetic engineers with the 






















2. The effect of cadmium and zinc on mineral concentrations in three cultivars of rice 
 
2.1 Introduction 
Cadmium (Cd) is a toxic heavy metal that has traditionally been used to create batteries, plastic 
stabilizers, and pigments [11].  The metal is natural in soils at trace levels, but anthropogenic 
activities contaminate agricultural soils limiting crop output and posing a threat to human health 
[8,9].  When Cd is available, the metal can be transported to edible tissues of agronomic crops and 
transferred through the food chain.  Rice, Oryza sativa, has one of the highest propensities for Cd 
transfer to edible tissues compared to other cereal crops [86,87,89].  Dietary Cd is currently one 
of the leading causes of Cd poisoning which leads to bone mineral density loss, renal disease, and 
cancers [6,29,167,168].   Limiting Cd in rice grains is one strategy that will help to reduce Cd 
poisoning in humans. 
 
Studies aiming to limit Cd from edible grains of rice have identified key steps in the transport 
process including uptake into the root, translocation to above ground tissues, subcellular 
sequestration, and phloem transport [101,103,148,169].  Cadmium uses proteins from key 
transport families like the natural resistance-associated macrophage proteins (NRAMP), the Zrt-
Irt-like protein family (ZIP), Yellow stripe-like (YSL), and Heavy Metal p1b-type ATPase family 
(HMA) which are responsible for transporting essential minerals like zinc (Zn), iron, and 
manganese [89,94,101,127,170–172].  Once inside the plant, mechanisms including subcellular 
sequestration and ligand binding to glutathione or phytochelatin help to prevent toxicity symptoms 
allowing the toxin to be accumulated in tissues [127,132,173]. 
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As chemical analogs, transport pathways of cadmium and zinc (Zn) are of particular interest due 
to the dire need to increase rice Zn concentrations to combat growing rates of Zn malnutrition [4].  
Studies on Cd-Zn interactions in rice are limited and remains inconclusive.  Some studies have 
shown that Zn fertilization can ameliorate physiological stresses induced by Cd [20,117].  Zinc 
supplied to roots or leaves as a foliar spray reduced Cd accumulation in roots and grains 
[42,117,174,175].   However, other studies have shown Cd translocation to shoots and 
accumulation in grains are actually increased as a result of Zn fertilization [43,176,177].  Cadmium 
and zinc interactions can influence the response of genes in different tissues resulting in high and 
low grain Cd accumulators [118].   While the exact mechanisms are unknown, there is a need to 
analyze whole plant mineral transport and gene expression to elucidate mechanisms responsible 
for low grain-Cd rice phenotypes.  In this study, we seek to understand the dynamics of Cd 
transport and response to increased supply of Zn, especially during the grain filling stage.  
Furthermore, we analyzed other essential minerals to elucidate the overall effects of Cd and Zn 
availability on transport of essential macro and micronutrients of the human diet. A comprehensive 
understanding of Cd-Zn interactions and their effect on mineral partitioning is needed to produce 
rice that is both nutritious and free of toxins  
 
2.2 Methods 
2.2.1 Sample selection 
Rice accessions (Oryza sativa) were obtained from the USDA-ARS, Dale Bumpers National Rice 
Research Center (Stuttgart, Arkansas, Genetic Stocks Oryza Collection-GSOR).  Ionomic profiles 
from unflooded field grown rice accessions were published displaying grain Cd concentrations 
ranging from 0 to 1.543ppm (Shannon Pinson et al. 2015).  Based on the grain Cd concentrations 
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published in Pinson et al. (2015), we selected three lines, PI 310546 (546), PI 311667 (667), and 
PI 301428 (428) that differed in grain Cd concentrations when grown in the fields.   
 
2.2.2 Plant growth 
Seeds were surface sterilized, imbibed overnight, and germinated in moistened filter paper lined 
petri dishes for 5 days before being transplanted to hydroponics.  Germinated seedlings were 
transferred to 4-L pots (2 to 3 plants per pot) containing modified Johnson’s nutrient solution with 
the following nutrients: 2 mM KNO3, 1 mM Ca(NO3)2, 1mM KH2PO4, 1 mM MgSO4, 25µM 
CaCl2, 25µM H3BO3, 0.5µM H2MoO4 , 0.1 µM NiSO4, 2µM MnSO4, 0.5 µM CuSO4, iron 
supplied as 20 µM Fe(III) HEDTA (N-(2-hydroxymethy) ethylenediaminetriacetic acid), and 2 
mM 2-(N-morpholino)ethane-sulfonic acid (MES; Sigma Chemical, St. Louis, MO, USA) to 
buffer the solution to pH 6.0.  All plants were grown in the Lehman College greenhouse with 
natural lighting plus supplemental metal halide lamps [100W] allowing for a 16/ 8 h photoperiod 
25ºC Day/ 23 ºC night. 
 
A completely randomized factorial design was used to examine Cd-Zn interactions in each of the 
lines at different stages of development (Table 1).   When plants grew to the 4 to 5 leaf stage, a 
fresh solution was given where the plants were assigned to one of the treatments consisting of 
different Cd and Zn combinations: 0 µm Cd:2µM Zn, 1µM Cd:2 µM Zn, 0 µM Cd:10 µM Zn, or 
1µM Cd:10µM Zn, respectively). Plants were harvested at 1 of 4 predetermined reproductive 
stages where “vegetative” represented 30 days of growth, “Anthesis” represented the flowering 
stage which was determined to be the first day of heading, and 2 and 4 weeks after anthesis 
followed.  When harvested, plant material was separated into roots, stems, lower leaves, flag 
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leaves, peduncles, rachis, and grains when available.  Grains were further separated from husks, 
but low husk weights prevented the tissue from being used in follow up experiments.  All plant 
material was roughly separated in half to be used for both mineral partitioning and gene expression 




2.2.3 Tissue Digestion 
Tissue for mineral partitioning analysis was oven dried at 60ºC for minimum 48 hours and 
homogenized using a Wiley mill with a 0.2 mm pore (Thomas Scientific, Swedesboro, NJ).  Tissue 
samples (~0.25g) were digested using nitric acid tissue digestion protocol outlined in [23].  In 
short, 3ml of concentrated nitric acid was used to predigest samples for 12 hours at room 
temperature and then for 1 hour at 100ºC.  Once cooled, 4 mL of 30% hydrogen peroxide was 
added and temperatures were periodically ramped up to 250ºC over the course of 6 hours to 
dissolve all organic material.  Inorganics remaining were resuspended in 10mL of 1% nitric acid 
and filtered using a 0.22um pre syringe filters.  All solvents used were trace metal grade (Fisher 
Scientific, Pittsburg, PA).  Samples were analyzed for all essential minerals and Cd by inductively 
coupled plasma optical emission spectroscopy (ICP-OES) that was calibrated with certified 
standards.    
 
Lines Treatments Harvest Tissues
310546 (546) 0µm Cd + 2µm Zn (c0z2) Vegetative (Veg) Roots, Stems, Lower leaves
311667 (667) 1µm Cd + 2µM Zn (c1z2) Anthesis (Ant) Roots, Stems, Lower leaves, Flag leaves, Rachis, Grains
310428 (428) 0µM Cd + 10mM Zn (c0z10) 2 Weeks After Anthesis (2WAA) Roots, Stems, Lower leaves, Flag leaves, Peducnles, Rachis, Grains
1mM Cd + 10mM Zn (c1z10) 4 Weeks After Anthesis (4WAA) Roots, Stems, Lower leaves, Flag leaves, Peducnles, Rachis, Grains
Table 1: Rice lines, treatments, harvest time points, and tissues harvested 
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2.2.4 Gene Expression 
All harvested tissue for gene expression analysis was instantly flash frozen using liquid nitrogen 
and crushed using a pre-chilled mortar and pestle.  About 0.5g of tissue was collected and 
combined with 600uL of Trizol reagent (Invitrogen. Waltham, MA).   After 10 minutes, 125µL of 
chloroform was added, tubes were mixed thoroughly, and chilled on ice for 10 minutes.  Samples 
were then centrifuged for 20 mins at 11,000 RPM.  The supernatant was carefully separated and 
put through the RNeasy Plant RNA Extraction kit (Qiagen. Germantown, MD) where RNA was 
diluted in 30uL RNA Free H2O.  RNA concentration and quality were analyzed using a Nano drop 
ND-2000 (Thermo Fisher Scientific, Waltham, MA).  DNA impurities were degraded using the 
RQ1 RNAse-Free DNAse kit (Promega. Madison, WI).  RNA was then used for first strand 
synthesis RT-PCR with random primers using the GoScript Reverse Transcription kit (Promega. 
Madison, WI).  Primers designed using Integrated DNA Technologies primer design tools were 
then used (Table 2) with SYBR green master mix (Promega. Madison, WI) to perform quantitative 
real time polymerase chain reaction (qPCR).  Results were calculated as relative gene expression 
using the delta-delta Ct method to normalize values to Ubiquitin controls [178].   
Ubiquitin (99bp amplicon) F CCACATTACCGCCTCCATTT  
R GATCTGCATCTTGCCACTCTC  
NRAMP5 (99 bp amplicon) F GGCATCAGTCAGAGGAATCAA  
R GAGACGACGGCGATGTTTAT  
HMA2 (99 bp amplicon) F GGTTCATCGTCTTCCTCTTCAC  
R GTGGTGCCATGCTCATTAGA  
HMA3 (106 bp amplicon) F TGACGCATCCAACTCAATAGTC 
R CCGTAGTTCTCACAGCAATGTA  
PCS1 (105 bp amplicon) F GACTGGAACAGGGCATTTCT  
R GGAATCCAATGAGGAGGGTATTT  
GSHS (104 bp amplicon) F GAGGATGTTAGGTTGGGTCTTAC  
R CCGTTGGATGATGTTGAAATGG  
GSH-ligase (104 bp 
amplicon) 
F GAGGATGTTAGGTTGGGTCTTAC  







Analyses of variance and Pearson’s correlation coefficients were performed using GraphPad Prism 
version 9.1 (GraphPad. San Diego, CA). Two-way analyses of variance (ANOVA) multiple 
comparisons test with a Tukey correction was used to analyze statistical differences in tissue 
mineral concentrations or relative gene expression between lines at a particular treatment and 
harvest or between treatments in a particular line and harvest.  Significance of P≤ 0.05 are 
annotated on graphs.  Pearson’s correlation coefficients were also calculated between Cd 




2.3.1 Mineral Concentrations 
All three lines 546, 667, and 428 were able to set seed without phytotoxicity in all of the treatments 
analyzed.  A consistent trend amongst the lines and tissues analyzed under c1z2 (1µM Cd 2µM 
Zn) treatments (Figure 1:A-G) was line 428 maintained highest Cd concentrations in all tissues 
except for roots where there was no difference between the lines or flag leaves where 667 had 
significantly higher Cd concentrations.  Line 546 consistently demonstrated the lowest 
concentrations of Cd in all tissues compared to 667 and 428.  Grain Cd concentrations at full 
maturity were statistically different (P<0.05) between all three lines averaging 0.29, 1.09, and 2.0 
ppm in the 546, 667, and 428 lines respectively.  From here on, the three lines will be referred to 
as high (428), medium (667), and low (546) representing their distinct differences in grain 
cadmium accumulation under c1z2 treatments. When grown in c1z10 (1µM Cd 10µM Zn) 
treatments (Figure 1: H-N), there were no differences between the lines in root Cd accumulation, 
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but the high line (428) had highest Cd concentrations in stems, flag leaves, peduncles, rachis, and 
grains.  Cadmium concentrations in grains were 4.0, 1.3, and 0.8 ppm in the high, low, and medium 
lines, respectively.  Zinc fertilization significantly increased grain Cd accumulation by 4X in the 
low 546 line and by 2X in the high 428 line but had no effect on the medium 667 line.  Increases 
in flag leaf, peduncle and rachis Cd concentrations were also evident in the high line.  Flag leaf Cd 
concentrations in the medium line were significantly decreased as a result of Zn fertilization at all 
developmental stages. 
 
Zinc concentrations were comparable between all lines under control (coz2) treatments (Figure 
1:A-G).  Overall, cadmium had no effect on Zn accumulation (Figure 2).  Zinc fertilization 
increased Zn accumulation in specific tissues but differed between lines.  When extra Zn was 
supplied in the absence of Cd (c0z10), significant differences in Zn concentration were present in 
roots only (Figure 3).   Fertilization with Zn only increased Zn concentrations in roots, stems, and 
lower leaves (Data not shown - c0z2 vs c0z10).   When grown in the presence of Cd (c1z2 and 
c1z10), Zn accumulation patterns differed between the three lines tested (figure 4).  Under normal 
zinc (c1z2), the high 428 line had higher Zn concentrations in flag leaves, peduncle, rachis, and 
grains when compared to the other 2 lines (Figure 4:A-G).  Zn fertilization (c1z10) led to 
significant increases of Zn in roots, stems, and peduncles in all three lines, lower leaves and rachis 
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Figure 1: Effect of zinc fertilization on cadmium concentration c1z2 vs c1z10:  Cadmium 
concentrations (ppm) in different tissues (Root, Stem, Lower leaves, Flag leaf, Peduncle, Rachis, 
and Seed) of rice lines 546, 667, and 428 that were harvested at 4 reproductive stages (vegetative 
{30 days old}, Anthesis {first day of flowering}, 2 weeks after anthesis, and 4 weeks after anthesis.  
Plants were treated with 1µMCd+ 2µM Zn (A through G) or 1µM Cd+ 10µM Zn (H through N).  
Means +/- se (n=3 to 6).  Variance was compared using 2-way ANOVA with a multiple 
comparison test and Tukey correction.  Colored asterisks (*) indicate significant difference 
between c1z2 and c1z10 at a particular stage and line (P<.05 * to P<0.001 ***).  Different colored 
letters (abc) indicate significant difference between the three lines tested at a particular treatment 
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Figure 2: Effect of cadmium on zinc concentration:  Zinc (ppm) concentration in different 
tissues of rice lines 546, 667, and 428 that were harvested at 4 reproductive stages (vegetative 
{30 days old}, Anthesis {first day of flowering}, 2 weeks after anthesis, and 4 weeks after 
anthesis.  Plants were treated with 1µMCd+ 2µM Zn or 1µM Cd+ 10µM Zn (c1z2 or c1z10).  
Means +/- se (n=minimum 3).  Different colored letters (abc) indicate significant difference 
between the three lines tested within a treatment and harvest time point (P<.05).  Variance was 
compared using 2-way ANOVA with a multiple comparison test and Tukey correction. Colored 
asterisks (*) indicate significant difference between c0z2 and c1z2 at a particular stage and line 
(P<.05 * to P<0.001 ***).  Different colored letters (abc) indicate significant difference between 
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Figure 3: Effect of Cd on Zn concentration under Zn fertilization: Zinc (ppm) 
concentration in different tissues of rice lines 546, 667, and 428 that were harvested at 4 
reproductive stages (vegetative {30 days old}, Anthesis {first day of flowering}, 2 weeks after 
anthesis, and 4 weeks after anthesis.  Plants were treated with 0µMCd+ 10µM Zn or 1µM 
Cd+ 10µM Zn (c0z10 or c1z10).  Means +/- se (n=minimum 3).  Different colored letters 
(abc) indicate significant difference between the three lines tested within a treatment and 
harvest time point (P<.05).  Variance was compared using 2-way ANOVA with a multiple 
comparison test and Tukey correction. Colored asterisks (*) indicate significant difference 
between c0z10 and c1z10 at a particular stage and line (P<.05 * to P<0.001 ***).  Different 
colored letters (abc) indicate significant difference between the three lines tested at a particular 
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Figure 4: Effect of Zn fertilization on Zn concentration under Cd contaminated growth 
conditions: Zinc (ppm) concentration in different tissues grains of rice lines 546, 667, and 
428 that were harvested at 4 reproductive stages (vegetative {30 days old}, Anthesis {first 
day of flowering}, 2 weeks after anthesis, and 4 weeks after anthesis.  Plants were treated 
with 1µMCd+ 2µM Zn or 1µM Cd+ 10µM Zn (c1z2 or c1z10).  Means +/- se (n=minimum 
3).  Variance was compared using 2-way ANOVA with a multiple comparison test and Tukey 
correction. Colored asterisks (*) indicate significant difference between c1z2 and c1z10 at a 
particular stage and line (P<.05 * to P<0.001 ***).  Different colored letters (abc) indicate 
significant difference between the three lines tested at a particular treatment and stage (P<.05).   
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Grain mineral concentrations of nine of the essential minerals were also measured in the three lines 
in all treatment conditions (Table 3).  The effects of Zn fertilization were unique to line and mineral 
tested. As a general trend, line 428 accumulated highest concentrations of calcium (Ca), copper 
(Cu), iron (Fe), magnesium (Mg), and manganese (Mn) under the varying treatments.  For all lines, 
Zn fertilization alone caused no changes in the concentration of Ca, Cu, Fe, Mg, Mn, Ni, or P but 
Cd or Cd and Zn treatments did. Cadmium alone increased grain concentrations of Ca, Fe, and Mg 
in high line (428) grains, whereas Zn fertilization resulted in Ca, Fe, and Mg concentrations similar 
to levels of controls.   Interestingly, while Mg was increased from Cd in the high line (428), Mg 
concentrations in grains of both the low and medium lines (546 and 667) were decreased as a result 
of Cd treatments.  Pearson’s correlation test revealed significant positive correlations between Cd 
and Ca and Cd and Ni while there was significant negative correlation between Cd and P in the 
medium (667) line (Table 4).  When the plants were supplied with extra Zn (c1z10), there was 
















546 667 428 
Ca 102.03 ± 8.3 a        103.01 ± 7.03 b 131.37 ± 14.9 b, x 
Cu 6.38 ± 1.12 a 7.71 ± 0.09 ab 9.40 ± 0.65 b 
Fe 18.18 ± 5.46 a 15.28 ± 0.86 a 30.98 ± 4.72 b, x 
Mg 1358.99 ± 24.19 a, x 1608.48 ± 97.08 b, x 1213.23 ± 59.47 a, x 
Mn 24.32 ± 2.46 a, x 11.09 ± 0.89 b 10.72 ± 0.66 b, x 
Ni 1.71 ± 0.63 a, x  6.96 ± 0.24 b 10.19 ± 0.13 c, x 






546 667 428 
Ca 140.62 ± 14.7a 69.25 ± 4.85 b 229.96 ± 26.1 c, y 
Cu 5.76 ± 0.5 a 8.75 ± 0.51 b 11.12 ± 0.06 c 
Fe 14.67 ± 1.75 a 20.19 ± 0.5 a 55.56 ± 2.68 b, y 
Mg 1155.87 ± 38.41 a, y 1357.62 ± 17.61 b, y 1621.95 ± 16.07 c, y 
Mn 5.27 ± 0.58 a, y 9.06 ± 0.45 ab 10.62 ± 0.16 b, x 
Ni 11.24 ± 1.4 a, y 8.2 ± 0.33 b 11.58 ± 0.19 a, x 







546 667 428 
Ca 100.07 ± 15.93 a 96.88 ± 15.93 a 137.97 ± 22.8 b,x 
Cu 6.39 ± 0.68 a 8.79 ± 0.68 b 7.71 ± 0.54 a 
Fe 15.67 ± 5.02 a 18.59 ± 1.72 a 21.67 ± 5.02 a,x 
Mg 1347.75 ± 62.04 a, x 1500.93 ± 88.28 b, xy 1408.95 ± 36.21 a, xy 
Mn 22.13 ± 4.23 a, x 11.4 ± 1.49 b  11.58 ± 1.8 b,x 
Ni 1.76 ± 0.57 a, x 8.42 ± 0.53 b 11.28 ± 0.65 c,x 





546 667 428 
Ca 96.69 ± 5.67 a 77.95 ± 4.69 b 99.66 ± 12.72 b, x 
Cu 6.75 ± 0.46 a 7.38 ± 0.17 a 9.88 ± 0.16 b 
Fe 9.84 ± 3.23 a 14.8 ± 0.64 a 26.73 ± 2.69 b, x 
Mg 1417.82 ± 37.79 a, x 1336.84 ± 13.31 a, y 1556.22 ± 13.54 b, y 
Mn 11.83 ± 0.78 a, x 7.26 ± 0.31 b 17.55 ± 1.32 c, y  
Ni 2.49 ± 0.32 a, x 7.63 ± 0.14 b 14.46 ± 0.96 c, y 
P 3071.24 ± 145.49 a 3781.59 ± 104.94 b 2769.52 ± 65.08 a, y 
 
Table 3. Mineral concentrations in grains of 3 rice cultivars grown c0z2, c1z2, c0z10, and 
c1z10:  Plants were harvested 4 weeks after anthesis.  Values represent mean (n=3 to 6) ± 
standard error.  Different letters signify statistically significant difference between lines within 
a treatment (a,b,c) or between treatments within a line (w,x,y,z) 0µM Cd+ 2µM Zn.  2way 






2.3.2 Gene expression 
Gene expression relative to ubiquitin was analyzed in roots of plants harvested in the vegetative 
stage and roots and flag leaves of plants harvested at anthesis in the low (546), medium (667), and 
high (428) grain Cd accumulating lines (Figure 4). Gene expression for the root uptake transporter 
OsNRAMP5 was significantly higher in the roots of the medium line compared to the other two, 
but only at the vegetative stage (Figure 5A).  At anthesis, OsNRAMP5 expression was highest in 
the low line when Zn fertilization was supplied (Figure 5B).  Expression of OsHMA2 increased in 
medium line roots when Zn treatments were supplied (figure 5C-D).  OsHMA3 expression was 
significantly higher in the medium line at the vegetative stage in all treatments, at anthesis 
however, the low line had significantly higher OsHMA3 expression under the elevated Zn 
treatments (figure 5E-F).  Expression of OsHMA3 in flag leaves harvested at anthesis was 
significantly higher in 667 lines than the other two, especially when Cd was supplied (Figure 6A).   
 
Genes involved in the synthesis of non-protein thiols glutathione and phytochelatin were also 
analyzed in tissues harvested at the vegetative or anthesis stages.  In flag leaves, g-glutamyl 
(A) Ca Cu Fe Mg Mn Ni P S Zn
Line 546 ns ns ns ns ns ns ns ns ns
Line 667 0.93 ns ns ns ns 0.88 -0.82 ns ns
Line 428 ns ns ns ns ns ns ns ns ns
(B) Ca Cu Fe Mg Mn Ni P S Zn
Line 546 ns ns ns ns ns ns ns ns ns
Line 667 ns ns ns ns ns ns ns ns ns
Line 428 ns ns ns ns 0.97 ns ns ns ns
Table 4: Correlations between grain Cd and essential minerals under c1z2 (A) and c1z10 
(B) treatments in rice lines 546, 667, and 428:  Data signify Pearson’s correlation coefficient 
P<0.05.  ns= no significance. 
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cysteine ligase (GSH ligase), glutathione synthase (GSHS), and phytochelatin synthase (PCS1) 
were consistently highest in line 667 (Figure 6:B-D).  At anthesis, the root GSH ligase expression 
was significantly higher in the high (428) line when compared to the other two lines but no 
discernible trend for GSHS expression (Figure 7:A-B).  PCS1 expression differed significantly 
between lines and treatment.  PCS1 expression was increased in 667 roots as a response to all 
treatments but only increased in 546 roots as a response to Zn.  Line 428 root PCS expression was 
unaffected by any treatments (Figure 7:B-C).   
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Figure 5: Gene expression of transport proteins Nramp5 (A-B), HMA2 (C-D), and 
HMA3 (E-F), in roots of lines 546, 667, and 428 harvested at the vegetative (A,C,E) and 
anthesis stages (B,D,F): Quantitative real time PCR was used to quantify  mean relative gene 
expression (n=3 to 6) using the delta-delta ct method with standard error.  Rice ubiquitin was 
used as the house keeping gene. 2-way ANOVA multiple comparisons test with Tukey 
correction was used to analyze significant differences in gene expression.  Statistical 
significance (P<0.05) between lines within a treatment (a-c) and between treatments within a 







































































































































Figure 6: Relative expression of HMA3 (A), and non-protein thiols g Glutamyl cysteine 
ligase (GSH ligase) (B), Glutathione synthase (GSHS) (C), and Phytochelatin synthase 
(PCS1) (D) from Flag leaf of lines 546, 667, and 428 harvested at anthesis: Quantitative 
real time PCR was used to quantify mean relative gene expression (n=3 to 6) using the delta-
delta ct method with standard error.  Rice ubiquitin was used as the house keeping gene.  2-way 
ANOVA multiple comparisons test with Tukey correction was used to analyze significant 
differences in gene expression. Statistical significance (P<0.05) between lines within a 





Interactions between minerals can significantly alter their distribution and accumulation in plant 
tissues [23,179–181].  Understanding transport of Cd and Zn in rice is particularly important 
because of the significant need to decrease Cd while simultaneously increasing Zn.  As one of the 
most consumed crops in the world and a major contributor to food Cd consumption, gaining a 
mechanistic understanding of Cd-Zn interactions can be used to improve dietary nutrition for 
millions across the globe.  The goal of this work was to assess the influence of exogenous Cd and 













































































































Figure 7: Gene expression of thiol genes g-glutamyl cysteine ligase (GSH ligase) (A), 
Glutathione synthase (GSHS) (B), and Phytochelatin synthase (PCS1) (C) from roots of 
lines 546, 667, and 428 harvested at anthesis: Quantitative real time PCR was used to 
quantify mean relative gene expression (n=3 to 6) using the delta-delta ct method with standard 
error.  Rice ubiquitin was used as the house keeping gene.  2-way ANOVA multiple 
comparisons test with Tukey correction was used to analyze significant differences in gene 
expression. Statistical significance (P<0.05) between lines within a treatment (a-c) and between 
treatments within a line (w-z) are noted above bars. 
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Zn on mineral partitioning in rice.  Two limitations of this work are that we could not measure 
content or use radiolabeled techniques to measure precise tissue accumulations and translocation 
patterns.  We were, however, able to see how exogenous Cd and Zn influenced the partitioning of 
minerals in three varieties of rice that differed in grain Cd accumulation to get a hint at mechanistic 
differences between genotypes.  To accomplish this goal, we used Cd and Zn treatments that were 
similar to environmental concentrations available to plants [40].  All three rice lines were able to 
successfully reach full reproductive maturity when grown any of the treatments.  The low line 
(546) had lowest concentrations of Cd in all above ground tissue and the high line (428) had highest 
concentrations of Cd in all above ground tissues except for flag leaves (Figure 1).  Zinc treatments 
increased Cd concentrations in the high line (428) stems, flag leaves, peduncles, rachis, and grains 
but in low (546) or medium (667) lines, Cd concentrations were only increased in grains or stems 
respectively.  Previous reports on Cd and Zn in rice have found that Zn reduces growth inhibition 
and oxidative stress induced by Cd which is interesting because our results suggest Zn led to 
greater concentrations of the toxin in most rice tissues [138].   Decreased Cd concentrations as a 
result soil amendments like biochar or zinc oxide nanoparticle foliar sprays have also been 
reported, contradicting our results of increased Cd concentrations from Zn treatments supplied to 
roots [182,183]. 
 
In order to expand on the limited knowledge of Cd-Zn interactions in rice, this study addressed the 
influence of cadmium on zinc accumulation and the influence of zinc on cadmium accumulation 
in three rice lines that differed in grain Cd accumulation (figures 2-4).  As chemical analogs, 
research has suggested that the minerals use similar transport pathways which could result in 
competition for transport proteins, limiting the uptake or accumulation of either mineral [184,185].  
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Overall, our findings suggest Cd had no effect on Zn accumulation and Zn had either synergistic 
or no effects on grain Cd.  Most importantly however, results were dependent on the line.    
Anomalous translocation of Cd and Zn due to interactions between the two have been reported 
previously [44].  Our data suggests interactions between the two minerals differ between cultivated 
varieties of rice which would be important for breeding for desired traits.   
 
The route that a mineral takes to reach grains can also be influenced by several factors including 
mineral availability and interactions with other minerals, and gene expression that may be specific 
to genotype [186].  Transport proteins play a major role in the uptake, translocation, and 
sequestration of minerals in different plant tissues [187,188].  A thorough understanding of 
transport proteins have been suggested as a means of understanding mineral deficiency in plants 
for adequate growth and regulating the transport of minerals to edible tissues of plant foods 
[104,144,189].  Gene expression of transport proteins can be regulated by mineral availability 
[190–192]. In order to assess Cd and Zn interactions on the transport of both minerals in rice, we 
analyzed how gene expression of key transport proteins were affected by Cd, Zn, or combination 
treatments in order to see if they can be used to explain differential mineral accumulation patterns 
between the lines.  While several transport proteins have been identified, we focused on some of 
the key transport proteins that have been implicated in the transport of Cd or Zn in rice.  In the 
high, medium, and low grain Cd accumulating lines used in this study, expression of NRAMP5, 
HMA2, and HMA3 were all influenced by treatment (Figure 4).  Additionally, expression patterns 
were unique at different reproductive stages.  OsNRAMP5 is a root uptake transport protein 
implicated in the transport of cadmium, manganese, and iron [91,115].  In our study, although 
NRAMP5 expression was highest in the medium line or low line depending on the treatment and 
 39 
developmental stage, there was no difference in root Cd concentrations between the lines.  At any 
given time, minerals are being transported out of the roots at the same time.  Similar Cd and Zn 
concentrations in roots could be due to differential expression of other genes as well. One such 
gene, HMA2 is a xylem loading transport protein that has been identified in the transport of both 
Zn and Cd in rice [100]. Mutations in HMA2 were responsible for restricting translocation of both 
minerals in rice [193]. Low expression of HMA2 in the low Cd accumulating line 546 could 
explain the reduced Cd in aerial tissues.  In rice roots, OsHMA3 is localized to the tonoplast and 
responsible for vacuolar sequestration of Cd and Zn restricting their transport to above ground 
tissues [101,103,171,194–196].  Expression of OsHMA3 was also found to be significantly higher 
in the flag leaves of the medium accumulating line, 667 (Figure 5A).  Interestingly, this can explain 
the difference between the high (428) and medium (667) Cd concentration lines which differed in 
Cd concentration in all tissues.  It should be noted that several other proteins from including 
OsZIP3, OsZIP4, and proteins from other key families including Cation Exchange Proteins (CAX), 
Low Cation Transporters (LCT), Metal Tolerance Proteins (MTP), and ATP Binding Cassette 
transporters (ABCC) have also been implicated in the transport of Cd, Zn, or both but have been 
omitted from this study.  The effects of Cd and Zn interactions on the expression of these other 
protein families must also be considered. 
 
We also analyzed the expression of genes involved in the production of glutathione and 
phytochelatin which assist in the detoxification of Cd [197].  The three genes tested, g-glutamyl 
cysteine ligase (GSH ligase), glutathione synthase (GSHS), and phytochelatin synthase (PCS1), 
were analyzed in flag leaves and roots (Figure 6 and 7).  Expression patterns of all genes were 
affected by treatment in one or more lines.   Differential expression between the three lines 
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suggests that Cd-Zn interactions can influence transport by modifying production of thiolate 
compounds [125,198,199].  Experiments analyzing the role of GSH or PCs in cadmium retention 
suggest the non-protein peptides play a critical role in reducing translocation of the toxin[125,200]. 
 
Concentrations of essential minerals Ca, Cu, Fe, Mg, Mn, Ni, and P were also significantly affected 
by the Cd and Zn treatments, although effects were specific to the line tested.  The high line (428) 
had highest concentrations of Ca, Cu, Fe, Mg, and Mn in c1z2 treatments.  When Zn fertilization 
was supplied, Ca, Fe, and P concentrations decreased but Mn and Ni concentrations in grains 
increased.  Similarities in transport pathways for macro and micronutrients are well documented 
since Cd uses the nonspecific proteins of essential minerals to enter and translocate through plant 
tissues [88,93,116,172].  Interactions between Cd and other minerals have been addressed 
previously but here we show tissue concentrations of essential minerals are dependent on 
interactions between Cd and Zn in growing media.  We also found strong positive and negative 
correlations between Cd and essential minerals but once again, the specific mineral interactions 
differed between the lines.  Strong positive correlations between Cd x Ca and Cd x Ni in the 
medium line (667) and Cd x Mn in the high line (428) may be the result of shared transport systems 
mentioned above. Our results confirm the importance of interactions between other essential 
minerals in attempts to biofortify for specific traits.   
 
2.5 Conclusion 
In conclusion, there is a dire need to produce cereals with improved nutritional quality and to do 
so, a detailed understanding of mineral interactions on transport is needed.  This work explored 
interactions between cadmium and zinc in rice revealing that Cd and Zn share transport pathways 
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in vegetative tissues, but unique mechanisms exist to deliver the minerals to grain.  Zinc 
fertilization led to increased Cd accumulation in edible grains of both high and low Cd 
accumulating lines of rice.  On the other hand, cadmium does not affect zinc transport to grains.  
These accumulation patterns are likely due to differential gene expression controlling mineral 
translocation throughout the plant.  In our results, NRAMP5, HMA2, and HMA3 expression 
differed between the lines and could be used to explain mineral accumulation patterns between the 
lines.  Future identification of genes involved in export of minerals from flag leaves to grains may 
help to understand the route of mineral accumulation further, assisting strategies for reducing 














3. The effect of exogenous cadmium and zinc applications on cadmium, zinc, and essential 
mineral bioaccessibility in three lines of rice that differ in grain cadmium accumulation 
 
3.1 Introduction 
Cadmium (Cd) is one of the most toxic transition metals [9].  The toxin can be found at trace levels 
in the environment but its ubiquity continues to increase due to industrialization [201].  
Anthropogenic activities like sewage treatment, pigment production, and agriculture are amongst 
the greatest contributors to soil Cd pollution [12,201–203].  Cadmium in agriculture soils is a great 
concern because staple food crops like rice can accumulate high concentrations of Cd in the grains 
[170].  Contaminated grains then serve as the ingress to the food chain resulting in renal disease, 
cancers, and bone mineral density loss [32,204–206].   
 
Dietary Cd is one of the leading causes of Cd exposure to humans [38].  Strict limitations of 0.4 
ppm Cd in polished rice grain have been set to try and limit the toxin from entering the food chain 
[207–210].  Ensuring adequate dietary Zn can also help to prevent Cd toxicity [211,212].  
Unfortunately, Zn malnutrition affects over a third of the world’s population [213].  Zinc 
malnutrition is especially prevalent in regions that rely on Zn poor rice as the main contributor for 
daily calories [1,214,215].  Biofortifying plants to accumulate higher concentrations of Zn is a 
major goal that can potentially alleviate Zn malnutrition rates [4,65].  Providing zinc to plants 
growing in Cd contamination has also been shown to decrease Cd accumulation in several plants 
[40,216–218].  Interactions between Cd and Zn in the growing media can alter accumulation of 
minerals but only a small fraction of minerals in any food are bioaccessible or able to dissociate 
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from the food matrix during the digestive process [175,219,220].   Limited information exits on 
how interactions between Cd and Zn in rice influence the bioaccessibility to consumers [1,4,221].   
 
The bioaccessibility of minerals are generally positively correlated with total concentration but are 
dependent on a host of factors including food processing, food preparation, mineral speciation, 
plant genotype, and mineral interactions [220,222–225].  Mineral interactions in the digestive 
process can significantly affect absorption into the blood stream.   For instance, a three way 
interaction between copper, sulfur, and molybdenum has been documented in ruminants [226,227].  
Manganese supplementation has been found to significantly decrease copper bioavailability[228].  
While studies on physiological absorption of Cd in humans are limited, mechanisms of uptake into 
the mucosa layer of the digestive tract have used animal models to estimate Cd absorption rates, 
also known as bioavailability.  Studies using radioisotopes in pig and mouse have shown 
significant reductions in Cd bioavailability for animals whose diets were supplemented with zinc, 
copper, calcium, or phosphorus [27,30,229–231].  Copper was found to be slightly decreased by 
elevated dietary Zn [232].  Low zinc (Zn) status in mice noticeably increases the toxic effects of 
Cd [164,233–236].   The goal of this study was to use the cost effective in-vitro physiologically 
based extraction test (PBET) as a tool to estimate the effect Cd and Zn interactions on the 
bioaccessibility of Cd and Zn from rice.  Our results provide information that can assist rice 





3.2.1 Plant growth 
Rice lines 310546 (546), 310667 
(667), and 310428 (428) were 
selected from the USDA mini-core 
collection to represent low, medium, 
and high grain Cd accumulators, 
respectively.  Seeds were surface 
sterilized in a 1% (v/v) sodium 
hypochlorite solution, imbibed overnight, and germinated in moistened filter paper lined Petri 
dishes for 5 days.  Petri dishes were wrapped in parafilm and kept in the dark.  Healthy seedlings 
were transplanted to hydroponic system filled with a modified Johnson’s nutrient solution.  
Nutrient solution was continuously aerated and replaced weekly with 2 mM KNO3, 1 mM Ca 
(NO3)2, 1mM KH2PO4, 1 mM MgSO4, 25 µM CaCl2, 25 µM H3BO3, 0.5 µM H2MoO4, 0.1 µM 
NiSO4, 2 µM MnSO4, 0.5 µM CuSO4, iron supplied as 20 µM Fe (III) HEDTA (N-(2-
hydroxymethy) ethylenediaminetriacetic acid), and 2 mM 2-(N-morpholino) ethane-sulfonic acid 
(MES; Sigma Chemical, St. Louis, MO, USA) to buffer the solution to pH 6.0.  All pots were 
maintained in natural lighting plus supplemental metal halide lamps [100W] allowing for a 16/ 8 
h photoperiod at 25ºC Day/ 23 ºC night temperatures in the Lehman College (Bronx, NY) Science 
greenhouse. 
 
A completely randomized factorial design was used to designate the pots and allow replicates 
(n=6) of each line and treatment.   When plants grew to the 4 to 5 leaf stage, a fresh solution was 
Table 1: List of Rice lines.  Rice was obtained from 
USDA Genetic Stock Oryza (GSOR) mini core (Simpson 
et al. 2015).  Rice lines chosen represented diversity in 
grain Cd accumulation and geographic distribution. Line 
310546 (546), Line 311667 (667), and Line 310428 (428) 
represent low, medium, and high grain Cd accumulators 
respectively.  
 
GSOR Expermient ID Country of Origin Subgroup
310546 546 Malaysia IND
311667 667 Mali AUS
310428 428 Indonesia TRJ
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given where treatments were supplied in conjunction with nutrient solutions.  Treatments c0z2, 
c1z2, and c1z10 were made up of 0µM Cd+2µM Zn, 1µM Cd+2µM Zn, or 1µM Cd+10µM Zn 
using CdCl2 and ZnSO4.  At full maturity, panicles were harvested and then threshed and dehusked 
manually.  Dehusked brown rice are referred to as grains for the remainder of this experiment.  
Grains were then separated in half to be used for mineral analysis and bioaccessibility experiments. 
 
3.2.2 Mineral analysis 
Grains from individual plants were harvested at reproductive maturity and oven dried at 60ºC for 
48 hours.  Dry tissue was homogenized using a Wiley mill with a 0.2 mm pore (Thomas Scientific, 
Swedesboro, NJ).  Each sample (0.2g) was digested using nitric acid tissue digestion protocol 
outlined in [23].  In short, 3ml of concentrated nitric acid was used to predigest samples for 12 
hours at room temperature and then for 1 hour at 100ºC.  Once cooled, 4 ml of 30% hydrogen 
peroxide was added and temperatures were periodically increased to 250ºC over the course of 6 
hours to dissolve all organic material.  Inorganics remaining were resuspended in 10ml of 1% nitric 
acid and filtered using a 0.22µm pre syringe filters.  All solvents used were trace metal grade 
(Fisher Scientific, Pittsburg, PA).  Samples were analyzed for all essential minerals and Cd by 
inductively coupled plasma optical emission spectroscopy (ICP-OES) that was calibrated with 
certified standards.   Blanks were run with every digestion set as negative controls.  Mineral 
concentrations in homogenous sample digested are representative of entire plant tissue and were 
used to calculate grain mineral content for analysis below. 
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3.2.3 Bioaccessibility (PBET) 
Rice grains were crushed by mortar and pestle.  Rice flour was then put through a modified in vitro 
physiologically based extraction test (PBET) [237] to estimate minerals accessible to the lumen of 
the human gastrointestinal tract.  Flour (1 gram) was mixed with 6.67ml of a 0.9% saline solution 
before the pH of all samples was adjusted to 2.0 using 1N HCl.  Samples were then mixed with 
0.83ml of pepsin (0.8g dissolved in 40ml of 0.1M HCl) and incubated for 1 hour at 37ºC on a 
rocking platform at max speed.  After the 1-hour peptic digestion, the pH of all samples was 
adjusted to 5-5.5 with 1M NaHCO3.  All samples then received 4.17ml of a solution made of 0.2g 
pancreatin and 1.0g bile in 192ml of 0.1M NaHCO3 before pH was increased to 7 with 1M 
NahHO3.  Samples were then incubated at 37ºC for 2 hours on a rocking platform at max speed.   
The samples were then centrifuged for 10 minutes at 10k RPM before supernatants were collected.  
Blanks containing no flour were run with each set of samples as a negative control.  All solutions 
except for saline were made fresh on the day of the experiments.  To ensure degradation of organic 
compounds, supernatants collected were digested in concentrated nitric acid and 30% hydrogen 
peroxide (trace metal grade), resuspended in (1% nitric acid, and filtered using 0.45 µM syringe 
filters.  The samples were then analyzed for essential minerals and cadmium by inductively 
coupled plasma optical emission spectroscopy (ICP-OES) that was calibrated with certified 
standards.  Negative control technical blanks containing experimental solutions without rice were 
analyzed with each digestion. Mineral concentrations were used to calculate content in the 
digestible fraction.  Technical blank content was subtracted from mineral content to ensure 
accuracy and negate inorganic minerals from digestive solutions.  Mineral content was then used 




Bioaccessibility % (BA) = 
migrated mineral content from PBET assay 




3.2.4 Statistical analysis 
Two-way ANOVAs were conducted using the GraphPad Prism9 software to analyze significance 
between BA within a line across treatments and within a treatment across lines. Significant 
differences between treatments within a line (xyz) and between lines within a treatment (abc) were 
evaluated by a multiple comparisons test (n=3) with a Bonferroni correction (P ≤ 0.05).  
Bioaccessibility correlation coefficients and significance were derived using Pearson’s correlation 




The effect of exogenous Cd and Zn treatments on the bioaccessibility of essential minerals and 
cadmium was assessed in three lines of rice that differed in grain Cd concentration (Figure1).   
Bioaccessibility of all minerals were influenced by line, treatment, or line x treatment.  Zinc 
Treatment Line Ca Cu Fe Mg Ni P Zn Cd
546 1020.33 6.38 18.18 1358.99 1.71 2763.47 50.27 0.06
667 103.01 7.71 15.28 1608.48 6.96 4022.68 33.45 0.03
428 131.37 9.40 30.98 1212.23 10.19 3512.65 48.83 0.03
546 140.62 5.76 14.67 1155.87 11.24 2588.96 41.84 0.30
667 69.25 8.75 20.19 1357.87 8.20 3672.58 27.20 1.09
428 229.96 11.12 55.56 1621.95 11.58 3633.39 52.92 2.00
546 966.90 6.75 9.84 1417.82 2.49 3071.24 63.97 1.30
667 77.95 7.38 14.80 1336.84 7.63 3781.59 45.23 0.82




Table 2: Mineral concentrations (ppm) in grains of rice lines 310546 (546/Low), 311667 
(667/Medium), and 310428 (428/High).  
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fertilization treatments increased Cd BA in the low Cd concentration line (546) from 2.5% to 
17.7% but had no effect on Cd BA in the medium (667) or high lines (428).  Zinc bioaccessibility 
was increased by more than 4x compared to controls in Cd or Cd+Zn treatments for the high Cd 
concentration line (428).  Cadmium alone had no significant influence on Zn BA in the low line 
(546) but the Cd +Zn treatment increased Zn BA from 8.8 to 34.0%.   Zinc BA in the medium 
(667) line was slightly increased by Cd or Cd +Zn treatments but results were not statistically 
significant.  Calcium bioaccessibility was increased from 8.3 to 30.7% in the medium (667) line 
and from 14.1 to 51.3% in the high (428) line by Cd +Zn treatments.  Copper BA was increased 
from 40 to 56% by the cadmium treatment but was reduced to 21% by the Cd +Zn treatment in the 
medium (667) line.    In the high line (428), the cadmium only treatment also decreased Fe and 
Mg BA from 20% to 5% and from 38 to 11% respectively.  Zinc fertilization + Cd treatments 
however were able to increase Mg BA in both the medium and high lines.  Nickel BA was 
increased from 1.8 to 13.3% in the high line but was decreased in all lines by the Cd +Zn treatment.  
Phosphorous BA was increased by Cd treatments in both the low and high lines but were brought 
back to control levels when Zn fertilization treatments were supplied.  Few significant correlations 
between mineral BA were evident in the different treatments (Table 3).  When grown in the c1z2 
treatment, significant positive correlations were observed between Fe BA x Ni BA in the high line 
and between Mg BA x Ca BA and Mg BA x P BA in the low line.  Strong negative correlations 
were present between Fe BA x Zn BA and Ni BA x Zn BA in the high Cd line. In the c1z10 
treatment, a negative correlation was found between Cu BA x P BA in the high line. No significant 





























































































































































Figure 1: Mineral 
bioaccessibility % from 
grains of 3 rice cultivars 
grown in c0z2, c1z2, and 
c1z10.  BA% is 
calculated as mineral 
content in soluble 
fraction/ total grain 
mineral content in rice 
grains x 100.  Values 
represent mean (n=3) ± 
standard error.  Different 
letters signify 
statistically significant 
difference between lines 
within a treatment (a,b,c) 
or between treatments 
within a line (x,y,z).  








Rice is a major source of cadmium toxicity to humans causing severe health issues that are 
exacerbated by Zn malnutrition [6,31,238,239].  Research has focused on developing rice varieties 
that limit Cd and increase Zn but total concentrations in rice grain are not 100% bioaccessible to 
consumers [1,101,240].   Mineral bioaccessibility from foods are dependent on several factors 
including genotype, growing media, post-harvest processing, food cooking, mineral speciation, 
and mineral interactions [156,157,162,220,222,241–244].  Interactions between cadmium and zinc 
on the transport of minerals to rice grains have been reported on but to our knowledge, the 
influence of Cd and Zn interactions on mineral bioaccessibility have not been explored.  The goal 
of this work was to use an in vitro physiologically based extraction test to see if exogenous Cd and 
Zn affect the bioaccessibility of essential minerals and Cd in three different rice lines.   
 
In our study, Cd treatments led to bioaccessible Cd ranging from 2.5 to 11.5% in rice grains.  
Although the high line had about 4x higher Cd concentrations than the low line, Cd BA in the low 









Table 3: Correlation of mineral BA from grains of rice lines 546 (Blue) and 428 (Red) grown 
in c1z2 (Below the diagonal) and c1z10 (above diagonal). Values represent Pearson’s 
correlation coefficient (n=3) P<0.05.  Blank space signifies no statistical significance.  Line 
667 is omitted because of no statistical significance. 
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results are interesting because they suggest concentration does not necessarily correlate with BA 
which has been reported in the past [245].  Furthermore, attempts to increase Zn concentration in 
rice may unknowingly increase Cd BA posing a health risk to consumers.  Our data, in agreement 
with work from wheat and rice, show that Cd Ba can differ between [220,243,246].  Production of 
antinutrients like phytate are well known compounds that may affect the bioaccessibility of 
cadmium and zinc.  Phytate production can vary significantly between varieties of rice [243,247–
249].  While phytate content was not measured in our experiment, Cd and Zn BA differences 
between lines were evident and may be explained by differences in organic compounds produced 
between the lines.  Furthermore, the effects of Cd and Cd +Zn treatments on Zn BA also differed 
between cultivars.    In 2018, Jaksomsak et al. reported that variations in phytate production in four 
Thai rice varieties influenced the accumulation of grain Zn which can subsequently alter the 
bioaccessibility of Zn and other minerals [250].  In our experiments, the bioaccessibility of Ca, 
Cu, Fe, Mg, Ni, and P were also influenced by Cd or Cd + Zn treatments but results differed in 
lines.  Strong positive correlations between Mg x Ca and Mg x Ni BA in the low Cd concentration 
line 546 suggest similarities in release from the food matrix when rice is consumed.   As mentioned 
previously, mineral complexation in grains is one of the main factors influencing bioaccessibility 
of Cd and Zn.  In rice grain, Cd is bound to glutathione which is easily digested [162].  Zinc on 
the other hand, is often bound to phytate whose insolubility in the Gi tract limits its bioaccessibility 
and absorption [158].  Genetic control over the production of these secondary metabolites can be 
responsible for the variation in BA seen for essential minerals and Cd in our results [220,251–
253].  While the physiologically based extraction test used here has limitations, it provides an 
inexpensive estimate by which the observations can be further expanded [254].  For instance, the 
bioavailability of Cd in mice was found to be dependent on Cd complexation [255].  Future studies 
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should use the more powerful caco-2 cell and animal model bioavailability studies to provide a 
more accurate health risk assessment from mineral interactions in rice.  Health risk assessments 
would also benefit from analyzing mineral bioaccessibility and bioavailability in milled rice whose 
mineral content is usually lower than that of brown rice [256]. 
 
3.5 Conclusion 
In conclusion, this work used an established physiologically based extraction test to analyze the 
effects of Cd and Zn interactions on the bioaccessibility of essential minerals and cadmium from 
uncooked brown rice.  Our findings show that exogenous Zn significantly increased Cd BA in a 
low grain Cd line of rice but did not affect Cd BA in a medium or high grain Cd rice line.  Zinc 
BA on the other hand was significantly increased in the high Cd line by Cd treatments or by both 
Cd and Zn treatments in the low Cd line.  The bioaccessibility of Ca, Cu, Fe, Mg, Ni, and P were 
also affected by growth treatments suggesting growing conditions should be considered when 
fortifying plants to have higher mineral concentrations in edible tissues.  Genotype was found to 
influence essential mineral and Cd bioaccessibility in these three lines of rice which suggests low 
Cd bioaccessibility traits and mechanisms controlling these traits can be identified and bred in 
future for consumption.  Future experiments analyzing the mechanisms that control genotypic 
differences in bioaccessibility and bioavailability of Cd and essential minerals will be necessary 
to ensure the mitigation of health risks from consuming rice with low essential nutrients or high 
toxins like cadmium.  Together, this information can be used to reduce cadmium and increase zinc 




4. Overall Conclusions 
Rice is a staple food crop relied on by millions for daily caloric needs.  Relatively low zinc density 
in rice prevents adequate nutrition in an estimated one third of the world’s population [215,257].   
The popularity of rice and its low micronutrient profiles make rice an excellent candidate for 
biofortification efforts that would naturally create rice varieties that can fulfill the dietary needs of 
consumers.  Unfortunately, zinc and the toxic mineral cadmium share similar transport pathways 
leading to high accumulation of Cd in edible grains and Cd poisoning in consumers.  Efforts to 
biofortify rice to increase Zn must simultaneously ensure the reduction of Cd. Assessing the 
interactions between cadmium in zinc and their effect of the transport and accumulation in rice 
will help to better understand how to create healthy and safe rice varieties.  Although there have 
been some studies on the accumulation of cadmium and interactions between Cd and Zn, the results 
have been inconsistent.  Furthermore, there is little information available on the bioaccessible 
portion of cadmium in the diet.  This study fills in these knowledge gaps by (Specific Aim I/ 
Chapter 2) determining the influence of Zn on the uptake and distribution patterns of Cd and 
(Specific Aim II/ Chapter 3) assessing the influence of Zn fertilization on the bioaccessibility of 
Cd from rice grains.   
 
This work explored interactions between cadmium and zinc in rice revealing that similar Cd and 
Zn concentrations are evident in vegetative tissues between lines, but differences exist in flag leaf 
and grain Cd concentrations.  Zinc fertilization led to increased Cd accumulation in edible grains 
of both high and low Cd accumulating lines of rice.  On the other hand, cadmium does not affect 
zinc concentration to grains.  These concentration patterns are likely due to differential gene 
expression controlling mineral translocation throughout the plant.  In our results, NRAMP5, 
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HMA2, HMA4, and HMA3 expression differed between the lines and could be used to explain 
mineral concentration patterns observed.  There are also previously identified and novel proteins 
not explored in this work that contribute to Zn concentrations in grains.  The routes of mineral 
uptake and translocation may differ between Cd and Zn and should be analyzed in future studies. 
 
The effect of exogenous cadmium and zinc on cadmium and essential mineral bioaccessibility was 
also explored.  We found that exogenous Cd increased Zn BA and exogenous Zn increased Cd BA 
by 4x and 3x respectively in the low Cd concentration line.  The high Cd concentration line Cd 
BA was not influenced by Zn fertilization, but Zn BA was significantly influenced by exogenous 
Cd.  Cadmium BA was overall highest in the higher Cd accumulation lines until ZN fertilization 
was supplied.  Furthermore, both Cd and Zn treatments influenced the bioaccessibility of other 
essential minerals.  Genotypic differences between the three lines were evident in mineral BA and 
correlations between mineral BA.  The high accumulating variety, line 428 had the lowest 
bioaccessibility and the medium grain Cd accumulating line, 667 had the highest BA.  These 
results suggest low Cd bioaccessibility traits can be identified by rice breeders.   
 
While this work was comprehensive, there are still questions to be answered.  Specifically, the 
transport proteins involved in delivering Cd and Zn from flag leaf to grain must be identified. 
While this work examined the influence of several key proteins in the transport process, future 
works should aim to isolate proteins in the flag leaf as that seems to be a major source of 
difference between high and low grain Cd varieties of rice.  Also, cell lines or animal models 
should be used to determine if genotypic differences in Cd and Zn bioavailability are also 
prevalent between rice varieties.  While this work assessed Cd in whole grain rice, future works 
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would do well to analyze Cd and essential mineral BA from milled rice which is widely 
consumed.  Overall, this work provided detailed knowledge of Cd and Zn interactions on the 
effects of mineral accumulation and bioaccessibility from rice.  Together, this information can 
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